P atients with initially uncomplicated Stanford type-B aortic dissection (AD) who survive the acute event without the need for open or endovascular intervention before hospital discharge have a relatively benign short-term course. The reported survival under optimal medical therapy (OMT) is 90% to 95% within the first few months.
Predicting Late Events in Type-B Dissection
for adverse events (AEs). [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] To the best of our knowledge, no attempt has been made to analyze the presumed and known risk factors simultaneously and build a single prediction model for individual risk stratification. This is highly desirable because high-risk patients are more likely to benefit from early TEVAR, whereas non-high-risk patients likely fare better with OMT.
The purpose of this study was therefore to determine the association of clinical and imaging-based morphological and functional features obtained during the index hospitalization with late AEs in patients with initially uncomplicated type-B AD, and to derive a model for prediction of individual risk for late AEs.
Methods
This study was approved by the institutional review boards of the participating institutions. The requirement of obtaining informed consent was waived given the retrospective nature of this work.
Patient Selection
Patients were retrospectively identified from the surgical and imaging databases of 2 aortic centers in the United States and Europe. Twohundred seven patients who had presented to 1 of the 2 participating institutions with acute type-B AD or intramural hematoma between January 2002 and December 2012, and who survived the initial hospitalization without complications requiring surgical or endovascular intervention were initially reviewed. All patients were treated with OMT and underwent at least 1 computed tomography (CT) scan during or immediately before the index hospitalization.
Clinical data from the index hospitalization and all follow-up encounters were reviewed from the electronic medical records. Patients were classified as having an AE if 1 or more of the following events occurred after hospital discharge: fatal or nonfatal aortic rupture, organ or limb ischemia, aortic aneurysm formation (defined as the maximum thoracic aortic diameter ≥6 cm), rapid aortic growth (defined as diameter increase of ≥10 mm within 1 year), and new refractory hypertension or pain, uncontrollable by medical management.
Imaging Data
All imaging data were retrieved from the local picture archiving and communication systems of the participating sites and transferred to an independent 3D server (iNtuition, TeraRecon, Inc, Foster City, CA). CT angiograms obtained at the time of the index hospitalization were reviewed by 2 experienced cardiovascular radiologists in consensus. Studies were read in the order of event date, with readers unaware of patient outcomes. If more than 1 CT scan was available in the acute phase (eg, from an outside institution immediately before transfer, or an admission CT and a predischarge CT), the scan with the highest diagnostic quality was used for evaluation. Routine follow-up CT scans were obtained at 3, 6, and 12 months, and annually thereafter, but intervals could vary between patients. Follow-up CT scans were reviewed by 1 or 2 cardiovascular radiologists in all patients. Standardized aortic diameter measurements were obtained on all index and follow-up scans using iNtuition software. The maximum aortic diameter was obtained in a cross-sectional plane perpendicular to the aortic centerline ( Figure 1 ).
Morphological Characteristics on CT Imaging
We sought to explore a wide range of imaging features observed in the acute phase as candidate morphological predictors for late AEs, including all features which have been previously described as potential causes of complications in patients with AD. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] These features refer to the aortic diameter, the size, location and number of primary entry tears, and the size, extent, and relative location of the true and false lumen within the dissected aorta. Features related to the false lumen, such as number of channels and false lumen thrombosis, were also considered. The imaging features included in our analysis after eliminating redundant descriptions are listed in Table 1 . Each feature was defined according to its most detailed original description.
We introduced a new measurement for the relative sizes of the true versus false lumen: rather than diameters or shapes (circular versus elliptical) 30, 31 which are affected by the mobility of the dissection membrane over the cardiac cycle, we measured the circumferential extent of the false lumen in angular degrees along the outer aortic wall (Figure 2 ). Measurements were obtained on the same orthogonal cross-section where the aortic diameter was the maximum. This parameter, referred to as the false lumen circumferential extent, is unaffected by the variable position of the dissection membrane, and attempts to capture the physiology of the dissection by quantifying the proportion of weakened outer aortic wall exposed to false lumen pressure versus the proportion of preserved outer aortic wall circumference exposed to true lumen pressure.
Because progressive false lumen dilatation is a preeminent longterm complication in patients with chronic AD, 33 we also explored new features thought to be related to chronic false lumen pressurization. Early experimental and invasive angiographic observations in patients with acute malperfusion syndromes suggest that both the diastolic and mean pressures in the false lumen are strongly related to the total resistance of available outflow channels. [34] [35] [36] Extrapolating to chronic dissection, we would expect a more rapid progression of aortic dilatation in patients with limited outflow from the false lumen, and a slower progression in patients with adequate false lumen drainage. Conceptually, the false lumen can be drained by supplying blood to large vessels (such as visceral and renal arteries) or small vessels (intercostal and lumbar branches), and by large or small communications between the true and false lumen.
In an attempt to estimate the relative blood flow emanating from the false lumen, we identified the left subclavian artery, the visceral arteries (celiac, superior, and inferior mesenteric), the renal, and the common iliac arteries in all patients. Each branch artery was classified as arising from the true lumen, the false lumen, or both, based on the relative position to the respective aortic channels and the observed pattern of enhancement. The total false lumen outflow was estimated as the sum of presumed blood flow to each branch supplied by the false lumen. Based on reference data for resting blood flow in humans, 37 we assumed left subclavian artery flow as 275 mL/min, the celiac and superior mesenteric artery flow as 550 mL/min each, left and right renal artery flow as 500 mL/min each, the inferior mesenteric artery as 190 mL/min, and the iliac arteries as 400 mL/min each. If a vessel originated from both channels, the flow was equally split between both, the true and false lumen, respectively. Completely occluded branches were not scored.
Finally, we recorded all identifiable intercostal arteries arising off the thoracic aorta, and lumbar arteries arising off the abdominal aorta. An attempt was made to identify the true lumen, the false lumen, or both as the origin of each of these small branches, but this was not always possible. No specific attempt was made to measure communications between the true and false lumen, because this was deemed unreliable in the presence of motion artifacts. We also expected that transmembrane communications would be captured-at least in part-by recognizing the false lumen branch supply, because each branch off the false lumen is necessarily associated with a corresponding fenestration in the dissection membrane.
Development of a Risk-Prediction Model
Baseline characteristics of the study group were presented as means and SDs, or absolute number and percentages, where appropriate. Multivariable Cox regression analysis was used to evaluate the associations between candidate clinical and morphological predictors and the occurrence of AEs taking into account the correlations among variables. Restricted cubic splines were applied to estimate nonlinear relationships of the continuous predictors with AEs. After initial selection of candidate predictors based on their frequency distributions and after elimination of redundant candidates, the final selection of predictors was performed by backward stepwise elimination using a liberal P value for the Wald test of P<0.157, based on Akaike's Information Criterion to prevent too early deletion of potential predictors (or underfitting of the model). 38 The correlation between the scaled Schoenfeld residuals and time were computed to test the proportional hazards assumption.
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Model Performance and Validation
The concordance statistic (C statistic) was used to evaluate the ability of the model to discriminate between patients who will develop AEs and those who will not develop an AE. The C statistic ranges from 0.5 (indicating no discriminative ability) to 1.0 (indicating perfect discriminative ability). The calibration of the model was assessed by visually inspecting a calibration plot that was obtained by resampling in which predicted probabilities are plotted against actual probabilities. As an internal validation step, bootstrapping was performed to correct for overfitting by shrinking the coefficients of the model, and to correct for optimism in the performance parameters. This method is considered more efficient than split-sample and cross-validation methods. 40 A total of 1000 bootstrap samples were drawn from the original sample to mimic drawing samples from the underlying population. Estimates of optimism in the performance measures of the prediction model were subsequently subtracted from the original estimates. In addition, regression coefficients were multiplied by a shrinkage factor. These adjustments result in less extreme predictions for future patients and counteract too extreme predictions caused by overfitting of the model.
Estimation of Individual Absolute and Relative Risk
The linear predictor-or risk score-was calculated for each individual as the sum of the regression coefficients multiplied by the observed values on the corresponding predictor variable for that individual (ie, β 1 ×X 1 +β 2 ×X 2 +…+β k ×X k ). In the typical situation of an event being an adverse outcome, a high score indicates a worse prognosis. If the baseline survival function of a population is known, the individual risk score can be used to estimate the absolute probability of an AE for a given individual and point in time. Alternatively, the risk score can be used to categorize patients into different relative risk groups according to their rank into high-, intermediate-, and low-risk groups of equal size. A Kaplan-Meier curve was constructed to illustrate the differences in the observed risk of AEs between the 3 risk groups.
Results
Of 207 patients with acute uncomplicated type-B AD or intramural hematoma treated at the 2 participating centers, 71 were managed at outside facilities after hospital discharge. The remaining 136 of 207 patients were followed at one of the participating centers, 80 patients at center A, and 56 patients at center B. Patients with intramural hematoma (n=44), iatrogenic dissection (n=3), and patients with isolated abdominal AD (n=6) were excluded from the analysis. The final study population consisted of 83 patients (47 patients from center A and 36 patients from center B), 58 men (70%), and 25 women (30%), with a mean age of 54 years (Table 1) . Fourteen patients had connective tissue diseases, including the Marfan syndrome (n=12), Ehlers-Danlos syndrome (n=1), and Loeys-Dietz Syndrome (n=1). Patients were followed for a median of 850 days (interquartile range 247-1824). All 83 patients had at least 1 follow-up scan after discharge from the index hospitalization. In 76 of 83 patients (92%), 2 or more follow-up CT scans were available. In 45 patients (54%), 5 or more follow-up CT scans were available. AEs were observed in 33 of 83 (40%) patients: 17 patients developed aneurysms (maximum aortic diameter ≥6 cm), an additional 8 patients demonstrated rapid aortic growth (≥10 mm/y), 4 patients developed renal ischemia, 2 patients developed limb ischemia, 1 patient developed bowel ischemia, and 1 patient presented with aortic rupture. Twentyone of 83 patients exceeded at least 5 years of follow-up, 29 of 83 patients (35%) were censored without an event (all lost to follow-up). The actual sample sizes for each year (individuals at risk) are provided in the Kaplan-Meier Analysis.
Risk-Prediction Model
The distribution of clinical and candidate morphological predictors identified at imaging in the acute phase is presented in Table 1 .
The restricted cubic spline regression yielded no nonlinear associations, and none of the predictors violated the proportional hazards assumption. The multivariable selection of candidate predictor variables yielded 5 significant predictors of AEs: connective tissue disease, circumferential extent of the false lumen in angular degrees, maximum aortic diameter in millimeters, false lumen outflow in milliliters per minute, and total number of intercostal arteries. The hazard ratios with confidence intervals and the uncorrected and shrunk regression coefficients are presented in Table 2 and Figure 3 . All selected predictor variables met the proportional hazards assumption.
Model Performance and Internal Validation
The C statistic of the model was 73.8% (95% confidence interval: 62.2%-85.2%). Figure 4 shows the calibration plot of the model at 2 years follow-up. The optimism-corrected calibration line lies close to the line of perfect calibration. It shows a slight underestimation of risk for patients at relatively low risk of AEs, whereas the model is well calibrated for patients at higher risk for an AE.
The bootstrap internal validation yielded a shrinkage factor of 0.78. The regression coefficients were multiplied by the shrinkage factor to obtain the model penalized for overfitting ( Table 2 ). The optimism-corrected C statistic, which is an estimate of the C statistic of the model when applied to future patients, was 70.1%.
Estimation of Individual Absolute and Relative Risk
The individual absolute probability of an AE within 1, 2, or 5 years can be calculated based on a patient's linear predictor if the baseline survival function of a population is known. The linear predictor is calculated using the centered predictor values (ie, the mean values are subtracted from the observed values): 0.841×(connective tissue disease−0.169)+0.021× (false lumen circumferential extent−249)+0.071×(maximum aortic diameter−37)−0.001×(false lumen outflow−650)×0.094× (number of intercostals−11.7). In our study population, the estimated baseline survival was 0.898, 0.815, and 0.631 at 1, 2, and 5 years, respectively. The individual 1-, 2-, and 5-year probability of survival without an AE is calculated as (baseline survival) If the baseline survival function is not known, it is possible to rank patients according to a relative risk score and to subsequently classify them into relative risk groups. This is illustrated in Figure 5 where the Kaplan-Meier curves show event-free survival stratified by tertiles of the linear predictor. These predictor values were not centered, to keep calculation straightforward. Scores up to 6.05 are classified as low risk, scores between 6.06 and 7.0 as intermediate risk, and scores greater than 7.0 as high risk for an adverse event, respectively. Risk score=0.841×(connective tissue disease)+0.021×(false lumen circumferential extent)+0.071×(maximum aortic diameter)−0.001×(false lumen outflow)−0.094×(number of intercostals). Thus, the example patient with a score of 7.092 (0.841×0+0.021×260+0.071×40−0.001×550−0.094×7=7.092) would be classified as high risk. The median event-free survival time was 3150 days (or 8.6 years), 2457 days (or 6.7 years), and 702 days (or 1.9 years) for the low-, intermediate-, and highrisk groups, respectively. The average risk for an AE before 2 years was 7.4%, 20.6%, and 54.4%, for the low-, intermediate-, and high-risk groups, respectively, in this population. Because the time-to-event analysis in our cohort is based on the same events used to create the model, the absolute risks may differ in populations with different baseline survival functions.
Discussion
This study was motivated by the renewed interest in the problem of how to best treat patients with initially uncomplicated Stanford type-B ADs. Although traditional OMT with anti-impulse therapy has acceptable short-term prognosis, long-term effectiveness is limited by chronic false lumen aneurysm degeneration over time and a high rate of late complications. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Although endovascular repair has a favorable effect on false lumen thrombosis and aortic remodeling, and thus seems a strong candidate for preventing late complications, TEVAR does not improve early survival. In addition, TEVAR is associated with a low but potentially devastating risk of procedural complications-such as stroke, paraplegia, and retrograde propagation of the dissection-which does not seem justified in many low-risk patients. Preemptive endografting of all patients with uncomplicated type-B AD may thus not be a better strategy than traditional OMT and surveillance. Risk stratification of these patients into those who might benefit from early TEVAR versus those who fare better with continued surveillance and OMT is thus highly desirable.
In this study, we demonstrate that a single clinical and 4 easily accessible morphological features identified by CT imaging at the time of the index hospitalization are strongly associated with late AEs. Based on these 5 variables, we have developed and internally validated a risk-prediction model which enables the calculation of the individual risk of AE, assuming that the baseline survival function is comparable with that in this study. Otherwise, patients can be ranked or classified into risk groups using the easily calculated linear predictor (risk score) with good discriminatory ability. This may be a first step toward a more nuanced and patient-centered alternative to the prevailing and currently evolving paradigms of exclusive OMT versus OMT+TEVAR in all patients with uncomplicated type-B AD.
The first and single clinical predictor of late AE in our patients was the presence of connective tissue disease such as the Marfan syndrome. This is an expected finding and presumably related to the inherently abnormal aortic tissue in these patients. The second risk factor-the first of the morphological predictors-was also an expected finding: Patients with an initially larger diameter of the dissected aorta are more likely to reach a critical thoracic aortic diameter which is associated with an increased risk of rupture and represents a consensual indication for treatment. The third significant risk factor, the circumferential extent of false lumen detachment, is a new parameter and was introduced as a more robust measure of the relative size of the false lumen within the dissected aorta. The circumferential extent of the false lumen reflects the proportion of the residual outer aortic wall characterized by reduced thickness and strength that is exposed to false lumen pressure. The extent of lesion could be a marker of more extensive preexisting aortic disease: more cystic media disease would allow more extensive burrowing of blood into the diseased wall in the acute phase. The process might be amplified by the fact that increasing diameter is proportional to wall tension at same pressure, so a greater circumferential false lumen extent provides more tissue to dilate. The association with late complications is thus very plausible.
The final 2 significant morphological predictors are both new, both are protective, and both have been introduced with an intention to capture morphological features reflecting the hemodynamics of false lumen flow and pressurization. We found that greater drainage of the false lumen by large unobstructed branch arteries arising off the false lumen decreases the risk of AEs. This finding supports the hypothesis that insufficient outflow, or a mismatch between in-and outflow, may cause increased pressure in the false lumen, leading to either true lumen compression in the acute setting or false lumen expansion and aneurysm formation in the long run. This observation is also in keeping with experimental and clinical studies 30, 41 demonstrating that pulsatile inflow into a lumen with impaired outflow may lead to a significant increase in the mean arterial and diastolic pressure as compared with a lumen with adequate outflow, despite similar systolic pressure. 34, 36, 42 Our findings are also consistent with the therapeutic strategy of intentionally increasing outflow from the false lumen either by septal fenestration or complete surgical or endovascular membrane removal to allow for luminal pressure equilibration. These concepts have been proposed 60 years ago by Shaw 43 and De Bakey et al 44 and are currently finding a revival. 41, 45 The last and somewhat unexpected morphological predictor-also protective-was the number of intercostal arteries arising from the dissected thoracic aorta. The intercostal arteries are the only outflow vessels at the level of the descending thoracic aorta-the region where false lumen aneurysms are most likely to occur. Although we were not able to reliably distinguish between intercostal arteries arising from the false versus the true lumen, the total number of intercostal arteries nonetheless proved to be a significant protective factor. One possible explanation of this unforeseen observation may be that with increasing number of intercostal arteries overall, the number of those arising from the false lumen presumably increases as well. With each intercostal artery originating from the false lumen, a small natural fenestration is also present, which may additionally create outflow from the false lumen, even if such a communication is too small to be identified with current CT technology in the acute phase. Because the number of intercostal arteries varied substantially among patients, another potential explanation may be that the number of patent intercostal arteries reflects better overall vascular status and a healthier vessel walls which could explain the protective nature of this parameter.
To illustrate how the magnitude of each of the above 5 predictor variables affects the absolute risk of an AE, we provide an online risk calculator under http://web.stanford. edu/group/3dq/cgi-bin/typeb-aortic-dissection-and-risk-calculator/calc-absolute/index.html. Although the risk calculator facilitates computation, it is currently based exclusively on our retrospective cohort and not externally validated. It is therefore not intended for clinical use. Table 2 as: 0.841×(connective tissue disease)+0.021×(false lumen circumferential extent)+0.071×(maximum aortic diameter)−0.001×(false lumen outflow volume)−0.094×(number of intercostals). Note that the time-to-event data for each risk tertile are based on the same events used to create the model.
The risk-prediction model shows good calibration and reasonable discriminative ability, with an optimism-corrected C statistic of 70.1%. Although the C statistic-as a global measure of discrimination over the entire follow-up period-indicates only a reasonable ability of the model to separate patients who will develop AEs from those who do not, the Kaplan-Meier risk analysis nicely demonstrates that the tertile of patients at highest risk of AEs is easiest to distinguish from the remaining groups. Identification of patients with high-risk scores would be clinically useful because high-risk patients might benefit most from a preemptive TEVAR strategy. To further illustrate the strength of our 5-parameter prediction model with its optimismcorrected C statistic of 70.1% in a clinical context, we also measured the model performance based on different predictors-those commonly associated with AEs in the literature: Connective tissue disease, aortic diameter >40 mm, false lumen diameter of ≥22 mm, and partial false lumen thrombosis, yielding individual C statistics of only 0.57, 0.57, 0.53, and 0.56, respectively. Even combining these 4 factors yielded an optimism-corrected C statistic of just 64.0%, markedly inferior to the prediction model presented in this article.
Limitations
This study has several limitations. The prediction model was developed in a retrospective cohort. Prospectively collected data with adequate long-term follow-up allowing the evaluation of late complications are currently not available. Our retrospective cohort from 2 large aortic centers allowed us to review high quality historic CT data obtained between 2002 and 2012 with long-term follow-up, from a time period when all cases of uncomplicated type-B ADs were initially treated conservatively. Approximately one-third of patients were lost to follow-up, mainly related to the fact that patients were transferred back to the referring facility for medical treatment and follow-up. The main considerations in the transition of care were related to the distance of patient residence or insurance coverage and therefore, a resultant selection bias related to the exclusion of this group of patients seems unlikely. Finally, the model has not yet been externally validated. The application of the model for clinical decision making in terms of patient selection for early preventive intervention can be considered after external validation with either retrospectively or prospectively collected data, for example, from the OMT arm of ongoing trials.
Although our findings suggest that hemodynamic information can be inferred from anatomic imaging features, it is important to keep in mind that the units of outflow in mL/min in our study are meant as a weighted score and should not be taken literally, because true flow measurements of blood flow have not been obtained. We also recognize that blood flow is more complex and varied among individuals. Reentry tears and natural fenestrations contribute to the complex individual flow and pressure dynamics which are not accounted for in the model, and small anatomic details may be completely undetected with current CT technology. Nevertheless, the observation that features related to false lumen outflow have predictive power suggest there is value in trying to better understand flow dynamics in ADs. Computational fluid dynamic modeling might be a tool to further explore such possibilities.
The presented risk model is based on morphological features observed exclusively in the acute phase. The risk scores therefore do not apply to imaging findings observed later during follow-up. Changes in feature morphology over time may very well have their own predictive power, however, and could be included into future models. Further research has to evaluate if such a model can further improve the prediction of AEs for non-high-risk patients based on additional information gained during follow-up imaging.
Conclusions
Morphological features on CT imaging in patients with acute uncomplicated type-B AD are strongly associated with late AE and can be used to predict individual risk of AE in an internally validated model. If externally validated this model may enable identification of high-risk patients who benefit most from early endovascular treatment, thus allowing a more individualized strategy than exclusive OMT or TEVAR in all patients in the future.
